, and RWASA3) and another with Sr35 (resistant to the Ug99 race group). Phenotypic screening for RWA resistance (using biotype RWASA1) and marker assisted selection for rust resistance genes including Sr35, Lr34/Yr18/Sr57/Pm38/Sb1/ Ltn1, and QYr.sgi-2B.1 were used to identify the targeted traits during selection. The unique combination of aphid and rust resistance, medium to high yield potential, and good end-use quality makes these wheat lines useful for wheat breeders with an interest in these resistance traits.
T wenty percent of the calories consumed by the world's population come from wheat (Triticum spp.), making it a highly important crop for global food security (FAO [2010] as cited by Reynolds et al., 2011) . Furthermore, wheat is grown in diverse environments, exposing it to a large number of biotic stressors such as insects and diseases. Climatechange-induced variations in environment further increase the threat from insect pests and diseases, leaving farming systems vulnerable and potentially unsustainable. In South Africa, the most important insect pest of wheat is the Russian wheat aphid (RWA; Diuraphis noxia Kurdjumov) (Homoptera, Aphididae), while the three wheat rusts-stem rust (Puccinia graminis Pers.:Pers. f. sp. tritici Eriks. & E. Henn.), leaf rust (Puccinia triticina Eriks.), and stripe rust (Puccinia striiformis Westend. f. sp. tritici Eriks.)-all have the potential to cause significant yield losses. Currently, four virulent races of the Ug99 stem rust race group occur in South Africa: TTKSF, TTKSP, PTKST, and TTKSF+ . Stripe rust and RWA occur frequently in the Free State wheat production region, while leaf rust and stem rust occur more sporadically in this province and are more common in the other wheat production areas of South Africa.
Host plant resistance has been used effectively to control either aphid or rusts in numerous wheat production regions of the world (Singh and Rajaram, 2002; Smith, 1989) . However, combining resistance to both these biotic stresses is even more advantageous as it lowers both risk of production and input costs for producers. The aim of this study was to develop superior wheat breeding lines with a combination of RWA and rust resistance and good bread baking quality in an improved background while retaining useful agronomic attributes. To that end, five spring wheat lines, SA16486 (Reg. No. GP-990, PI 674173), SA16487 (Reg. No. GP-991, PI 674174) , SA16488 (Reg. No. GP-992, PI 674175) , SA16490 (Reg. No. GP-993, PI 674176), and SA16491 (Reg. No. GP-994, PI 674177) were developed by the Agricultural Research Council-Small Grain Institute (ARC-SGI), South Africa and released in 2015.
Material and Methods
A multiresistant wheat combination was generated from a top-cross between two backcrossed lines, one with RWA resistance (Dn225227 from PI 225227) and the other with the stem rust resistance gene Sr35, which is effective against all four of the Ug99 race group pathotypes occurring in South Africa.
Breeding History and Parentage
Primary crosses between the two donor accessions and 'Kariega' were initiated in 1996 and the topcross with the pedigree Kariega/PI 225227//4*Kariega_ F 1 /3/340BHM177Sr35/5*Kariega_F 6 from which these lines originate, was completed in 2001. The top-cross was then selfed to the F 6 generation undergoing targeted selection for aphid and rust resistance during the process. Ten lines designated as SA16483 to SA16492 were developed, and five lines (SA16486, SA16487, SA16488, SA16490, and SA16491) are presented for registration. The known and potential traits of the two backcross-derived lines used in the top-cross are given in Table 1 .
The recurring parental line used in the cross is the hard red spring wheat cultivar Kariega, developed for the irrigation production areas of South Africa. Kariega was released in 1993 by ARC-SGI and has the pedigree SST44//K4500.2/Sapsucker'S' (Smit et al., 2010) . Kariega has excellent bread making quality and served as the bread wheat quality standard for irrigated spring wheat in South Africa from 1995 until 2009. It is also known to express a consistently high level of adult plant resistance to stripe rust, which is linked to four quantitative trait loci (QTL) (Ramburan et al., 2004; Prins et al., 2011) including the well-documented Lr34/Yr18 gene complex (Agenbag et al., 2012) . This gene complex additionally confers a slow rusting phenotype in adult plants to most P. triticina pathotypes present in South Africa (Terefe et al., 2014) . Furthermore, Kariega was initially postulated to contain the leaf rust seedling resistance genes Lr1 and Lr3a (Pretorius et al., 2007) , but subsequent studies by Prins et al. (2011) confirmed the presence of Lr3bg, which is resistant to some of the prevalent leaf rust races in South Africa (Terefe et al., 2014) . Kariega is susceptible to most local P. graminis f. sp. tritici pathotypes .
Line Selection
In 2011, 216 F 2 seeds were planted individually in cones in seedling trays in the laboratory. Leaf material was sampled from week-old plants for marker analysis. Leaf tissue was ground with a Qiagen TissueLyser I (QIAGEN Sciences), and a modified cetyltrimethylammonium bromide (CTAB) method (SaghaiMaroof et al., 1984) was used for DNA extraction. DNA concentrations were determined with a nano drop 2000 Spectrometer (Thermo Fisher Scientific, Inc.) and adjusted to 50 ng mL -1 final concentration. Polymerase chain reactions (PCRs) were set up using KAPATaq 2× Ready Mix DNA Polymerase (KAPA Biosystems) in a final volume of 20 mL and placed in Mycyler Thermal cyclers (Bio-Rad Laboratories Pty Ltd.). Relevant gene-specific PCR products were run on 3% (w/v) highresolution agarose gel (Certified Low Range Ultra Agarose, Bio-Rad) at 100 V for 2 to 3 h. Gel photographs were taken with a DNR miniBis Pro (DNR Bio-imaging Systems) gel documentation system, and specific gene-associated fragments were scored as absent or present. Flanking simple sequence repeat markers, Xbarc51 (codominant), Xcfa2076 (dominant) (Zhang et al., 2010) , and Xwmc169 (codominant), were used to verify the presence of Sr35. Gene-specific marker Cssfr5 for the Lr34/ Yr18 gene was used to identify the resistant allelic form of the cloned Lr34 gene Lagudah et al., 2009) . A recent study confirmed that this gene confers resistance to multiple additional pathogens, and it is now designated as the Lr34/Yr18/Sr57/Pm38/Sb1/Ltn1 gene complex (Herrera-Foessel et al., 2014) .
Following leaf sampling for marker analysis, plants were transferred to the greenhouse, and concurrent phenotypic screening with RWA biotype RWASA1 took place using a 3-wk bioassay (Tolmay et al., 1999) . A preliminary set of 30 single plants was identified, from which nine single plants with resistance to RWA and all three rusts were chosen. In addition, all nine plants were genotyped as ALMT1 Type II (Sasaki et al., 2006) , conferring aluminum sensitivity. The evaluation results for RWA resistance, the field reaction to leaf rust and stripe rust, and genetic marker data for rust resistance are shown in Table 2 .
During 2012, the nine single-plant derived lines were grown out in a hail net enclosure in Bethlehem, South Africa (28°16¢ S 28°30¢ E), for seed multiplication, with the cultivars Kariega and 'SST806' as standards for comparison. During the season, a significant infection of P. striiformis f. sp. tritici pathotype 6E22A + occurred. All lines, except the current bread wheat quality standard SST806, remained uninfected, suggesting that these lines may have an unknown major stripe rust resistance gene in addition to the Lr34/Yr18 gene complex. A total of 343 F 3 plants were harvested from the 2012 planting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis (Singh et al., 1991) indicated that high-molecular-weight glutenin subunits 2*, 17+18, and 2+12 were present in all plants while variation occurred for the low-molecular-weight glutenin fractions in the different plants.
Where sufficient seed was available, a single F 4 plant row of each line was evaluated at Tygerhoek, South Africa (34°14¢ S 19°90¢ E), in the Western Cape (supplemental irrigation to provide a total of ~430 mm moisture) and at Vaalharts, South Africa (28°14¢ S 24°94¢ E) in the Northern Cape (full irrigation to provide a total of ~1100 mm moisture) during 2013. Lines with insufficient seed for both localities were only planted at Vaalharts. Again, Kariega and SST806 were planted as standards for comparison. A low incidence of leaf rust and septoria [caused by Zymoseptoria tritici (Desm.) Quaedvlieg & Crous and/or Parastagonospora nodorum (Berk.) Quaedvlieg, Verkley & Crous] was observed at Tygerhoek during the season, and all lines showing symptoms of the two diseases were culled. Fortyone superior lines were selected on the basis of visual observations of general appearance and performance, straw strength, relative growth period, and plant height. The initial selection was narrowed down to 10 preferred lines based on yield and hectoliter mass data.
Characteristics
The 10 selected lines all exhibited good general agronomic appearance, straw strength, relative growth period, and plant height. At Tygerhoek, lines matured over a 10-d period; at Vaalharts, the growth period of all lines was similar. At harvest, grain moisture content varied between 8.8 and 10.1%. Yield, hectoliter mass, and general appearance at Vaalharts and general appearance and maturity indicating relative growth period at Tygerhoek are shown in Table 3 . Agglomerative hierarchical clustering with Wards method and discriminant analysis (Addinsoft, 2015) indicated three different clusters. For each variable, these clusters were subjected to a one-way ANOVA and a Student's t test at 5% significance level was used to indicate significant differences between clusters. Normality for residuals and homogeneity of variance was tested and was valid.
Bread Quality Characteristics
During 2014, quality analyses were conducted on the harvested F 5 seed by the ARC-SGI Wheat Quality Laboratory and included kernel hardness, thousand kernel weight, and kernel diameter (American Association of Cereal Chemists [AACC] method 55-31) using the single kernel characterization system model 4100 (Perten Instruments North America), protein content (AACC method 39-11.01), milling quality (AACC method 26-21A) using a Buhler mill, dough development time (AACC method 54-40A), and loaf characteristics (AACC method 10-10B), where loaf volumes were determined by rapeseed displacement (AACC, 2000) . Analysis of percentage sodium dodecyl sulfate-unextractable polymeric protein (%UPP) was performed using a Thermo FinniganTM Surveyor Plus high-performance liquid chromatography system with photodiode array detector, equipped with ChromQuestTM 4.2 chromatography data system for integration events (Thermo Electron) according to the method of Gupta et al. (1993) . Agglomerative hierarchical clustering with Wards method (Addinsoft, 2015) indicated four different clusters per variable. For each variable these clusters were subjected to a one-way ANOVA and the Student's t test at 5% significance level was used to identify significant differences between clusters for kernel hardness, thousand kernel weight, kernel diameter, break flour yield, flour yield, protein content, mixograph dough development time, loaf volume, and %UPP. Normality for residuals and homogeneity of variance tested within the requirements of the analysis. Agglomerative 5 NA NA -- † Seedling damage rating 1, 2, 3 = highly resistant; 4, 5, 6 = moderately resistant; 7, 8, 9 = susceptible; and 10 = dead. Tolmay et al. (1999) . ‡ Z indicates predominant distribution of rust toward leaf base and denotes Lr34, S = susceptible, MS = moderately susceptible, TR = trace reaction, LTN = leaf tip necrosis. Infection types of checks: stem and leaf rust check Lr = 60S, Yr = TR; stripe rust susceptible check Yr = 100S, no stem rust infection occurred. § + = Sr35 resistance gene present in homozygous form; ± = Sr35 resistance gene present in heterozygous form, -= resistance gene absent. Zhang et al. (2010) . ¶ + = effective haplotype of rust resistance gene complex present in homozygous form; -= resistance gene absent. Lagudah et al. (2009) .
# NA = not available.
hierarchical clustering with Wards method (Addinsoft, 2015) combining all nine variables indicated three different clusters. Discriminant analysis was performed to investigate cluster separation by the nine variables.
Overall quality characteristics (Table 4 ) exhibit good end-use quality as required by the South African industry. Significantly lower hardness values as well as higher bread flour yield values indicate that the lines tend to be softer than the quality standard, SST806. Significantly larger thousand kernel weight and wider diameter show that the lines possess larger kernels than SST806. Additionally, the lines all have significantly higher protein content than the standard SST806. Mixograph dough development times, loaf volumes, and the %UPP of these lines are comparable or significantly better than those of the quality standard, indicating that these lines have good dough strength and mixing properties. The discriminant analysis bi-plot (Fig.  1) illustrates three distinct groups that differ significantly from each other, as shown by the 95% confidence ellipses.
Marker Validation
The F 5 plants of the 10 selected lines underwent marker validation for the Lr34/Yr18/Sr57/Pm38/Sb1/Ltn1 gene complex, Sr35, and QYr.sgi-2B.1 (delimiting markers Xgwm148, and Xpsp3030 [Ramburan et al., 2004; Prins et al., 2011] ) before final release. Eighty-five plants of each entry were planted in the greenhouse in Bethlehem during 2014 for seed multiplication. Two bulk samples, each containing leaf material from five randomly chosen plants, were collected per entry. DNA was extracted and tested to confirm targeted trait homozygosity. The bulks of six of the families were homozygous for all three traits; however, the four remaining families displayed heterozygous patterns for one or more of the Sr35 associated markers. Individual plants (approximately 85 plants per entry) of these families were screened and genotyped. Only lines homozygous for the Lr34/Yr18/Sr57/Pm38/Sb1/Ltn1 gene complex, Sr35, and the major QTL (QYr.sgi-2B.1) have been submitted for release. However, the small possibility of recombination between the delimiting markers used for Sr35 and QYr.sgi-2B.1 genotyping may exist. Marker data of the selected entries is given in Table 5 , with the assigned SA numbers for each of the 10 lines.
Phenotypic Validation
The F 5 seeds were also tested for germination percentage and coleoptile length (mm), while seedlings were screened phenotypically in the greenhouse for RWA resistance (biotype RWASA1), using the method of Tolmay et al. (1999) , and infection types to P. graminis f. sp. tritici race PTKST using the method of Pretorius et al. (2012) (Table 6 ). Lines SA16486, SA16487, SA16488, SA16490, and SA16491 showed excellent germination and coleoptile lengths in excess of 77 mm. Good levels of RWA resistance were measured against biotype RWASA1. It should be noted that the RWA resistance donor PI 225227 is also resistant to biotypes RWASA2 and RWASA3 (data not shown) present in South Africa (Tolmay et al., 2007; Jankielsohn, 2011) but that these lines were not tested with either of these biotypes during their development.
The five best lines, SA16486, SA16487, SA16488, SA16490, and SA16491 (Table 6) , were selected for submission to the 71.12 1,138.7 0.398 † Means in columns with the same letter grouped in the same agglomerative hierarchical cluster using Wards method; cluster means within columns with different letters differ significantly at p = 0.05. ‡ General appearance of plant agro-type: ¨ = acceptable, ¨¨ = good, ¨¨¨ = excellent. § NA = not available. USDA-ARS National Plant Germplasm System for official PI registration. All 10 lines with the given SA numbers have been deposited in the South African National Small Grain Germplasm Collection in Bethlehem.
Conclusions
In addition to the unique combination of RWA and rust resistances, these lines include useful diversity of agronomic traits and should be valuable to wheat breeders in areas where these pests occur, not only in South Africa but possibly internationally as well. Furthermore, breeders should be able to include these lines in their breeding programs without introducing negative quality traits.
Availability
F 6 seed of lines SA16486, SA16487, SA16488, SA16490, and SA16491 has been deposited with the USDA-ARS National Plant Germplasm System, where it will be available for distribution five years after the date of publication. Before that time, small quantities of seed for research purposes of all 10 lines may be obtained from the South African National Small Grain Germplasm Collection, Bethlehem, via request to the corresponding author. ; 124 0 † Seedling damage rating 1, 2, 3 = highly resistant; 4, 5, 6 = moderately resistant; 7, 8, 9 = susceptible; and 10 = dead. Data of susceptible plants included; SA16487 2 of 160 plants susceptible; SA16490 9 of 134 plants susceptible; damage rating of checks (mean; median; n): Hugenoot susceptible check 8.972, 9, 35; CItr2401 resistant check 3.595, 4, 37; Gariep differential check 6.000, 6, 41. ‡ Infection types according to a 0-to-4 scale ; infection types of checks: Sr35 = ;1; Sr8b = 4; Sr24 = 3+; Sr31 = 4; McNair susceptible check = 4.
